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Optical and Thermal Analyses of Thin-Film
Hexagonal Micro-Mesh Light-Emitting Diodes
Kwai Hei Li, Student Member, IEEE, Yuk Fai Cheung, Qian Zhang, and Hoi Wai Choi, Senior Member, IEEE
Abstract— Vertical thin-film light-emitting diodes (LEDs) with
integrated micro-mesh arrays are reported. By removing the sap-
phire substrate through laser lift-off, vertical current conduction
becomes possible, improving current spreading capability and
thus electrical properties. Compared with the as-grown device,
the thin-film micro-mesh LEDs emits 61% more optical power,
attributed to enhanced light extraction through the micro-mesh,
evidence of which is provided by confocal imaging. At 100 mA,
the enhancement factor rises to >100%, attributed to low junction
temperatures due to efficient heat conduction as verified by
infrared thermometric imaging.
Index Terms— Light-emitting diodes (LEDs), light extraction,
thin film.
I. INTRODUCTION
THE III-nitride family of semiconductor alloys, withbandgap energies spanning the ultra-violet to visible
ranges, has firmly established the role of light-emitting diodes
(LEDs) for solid-state lighting amongst other uses. While
InGaN LED device structures are mostly grown on sapphire
substrates, the sapphire layer imposes limitations to the perfor-
mance of LEDs governed by their quantum and light extraction
efficiencies. The large lattice mismatch between sapphire and
GaN give rise to high densities of dislocations within the GaN
epilayers [1], [2] which serve as non-radiative recombination
centers. The low thermal conductivity of sapphire impedes
vertical heat conduction, so that the high junction tempera-
ture induced by heat accumulation reduces internal quantum
efficiencies. Optically, light which has propagated into the
sapphire is likely to be trapped and absorbed due to total
internal reflections [3]. Being an electrical insulator, devices
grown on sapphire cannot conduct vertically, so that additional
chip space and fabrication steps are required for exposing the
n-GaN and to form n-contacts; such lateral-conducting devices
suffer from current spreading and thus have poor emission
uniformities.
With advances in laser processing, it is now possible to cre-
ate vertical thin-film LED devices through laser lift-off (LLO)
[4], [5] processes. Such devices exhibit enhanced performance,
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benefiting from significantly improved heat-sinking and cur-
rent spreading. However, a large portion of emitted photons
still remains trapped within the GaN layer due to total internal
reflection at the GaN/air interface, so that light extraction
remains a major limiting factor in thin-film LEDs. Different
strategies including geometrical die shaping[6] and surface
texturing (ordered [7] or random [8]) have been proposed
to promote out-coupling of laterally guided modes into leaky
modes from GaN-on-sapphire LEDs. In this letter, we combine
a hexagonal micro-mesh array with LLO technology to build
an ultra-efficient thin-film LED for optimal light extraction
and heat dissipation.
II. EXPERIMENTAL DETAILS
The epitaxial structure of the blue LEDs in this letter are
grown by metal-organic chemical vapor deposition (MOCVD)
on c-plane crystalline sapphire. It consists of a 3-μm-thick
undoped GaN layer, a 3-μm-thick Si-doped GaN layer,
5 periods of InGaN (3 nm)/ GaN (5 nm) quantum wells,
capped with a 0.25-μm-thick Mg-doped GaN layer. 200 nm-
thick indium tin oxide (ITO) is deposited as a p-type current
spreading layer. Fig. 1(a) shows a schematic diagram of the
proposed thin-film hexagonal micro-mesh LED (TF-μLED),
which consists of 15 × 14 interconnected hexagonal elements
with 24.5 μm long edges separated by etched trenches of
2.5 μm in width [9]. The hexagons are not completely isolated;
instead they are interconnected via 6 μm wide bridges to
allow for lateral current flow. The chip with Al mirror coating
on top of the ITO is mounted p-face downwards onto a
Cu sub-mount; its sapphire substrate is detached by LLO
with the collimated 266-nm beam from an Nd:YAG laser
(Continuum Surelite). To assist with separation, the sample
is heated on a hot-plate to melt the Ga droplets formed at the
GaN/sapphire interface. The detached GaN film is immersed
into dilute HCl for removal of residual droplets. The undoped
GaN layer is etched away to expose the n-GaN surface by
inductively-coupled plasma (ICP) etching using BCl3/He gas
mixtures. The exposed surfaces after LLO are characterized by
atomic force microscopy (AFM). The laterally-interconnected
micro-mesh patterns, spanning a 630 × 600 μm2 region, are
photo-lithographically defined and ICP-etched through the
GaN layers (including QWs) down to the ITO layer. This
is followed by deposition of Ti/Al/Ti/Au n-electrodes which
are subsequently annealed for ohmic contact formation. Thin-
film LEDs without the micro-mesh (TF-LED) of equal dimen-
sions are fabricated for comparison. Additionally, GaN-on-
sapphire laterally-conducting LEDs of equal emission areas,
1041–1135/$31.00 © 2013 IEEE
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Fig. 1. Schematic diagrams depicting key components of (a) thin-film vertical
micro-mesh LED and (b) GaN-on-sapphire lateral micro-mesh LED. AFM
images showing surface morphologies of the exposed GaN surfaces after
(c) LLO, (d) removal of droplets, and (e) ICP deep etching.
with (Lat-μLED) and without micro-meshes (Lat-LED) are
fabricated. After photo-lithographic patterning, the top ITO
layer is removed by wet-etching, followed by removal of
∼0.5 μm of GaN by ICP etching, ensuring that the micro-
mesh structure has penetrated down to the quantum wells.
The bottom sapphire surfaces are coated with an Al mirror
to reflect light upwards. Fig. 1(b) shows a schematic diagram
of a Lat-μLED, in comparison to the TF-μLED.
During the LLO process, GaN decomposes into gaseous
N2 and Ga droplets at the interface. The 60 × 60 μm2 AFM
image in Fig. 1(c) depicts Ga droplets randomly distributed
across the exposed GaN surface. After removal of droplets, the
root-mean-squared (RMS) surface roughness of the surface,
as illustrated in Fig. 1(d), is evaluated as 23.6 nm. Fig. 1(e)
indicates that the n-GaN exposing deep etch process preserves
the optically smooth surface, with an RMS roughness of
26.8 nm or ∼ λ/17. Fig. 2 (a)-(d) shows CCD-captured
images of the packaged devices with two major observa-
tions: (i) in Fig. 2(b) and 2(d) enhanced light intensities
are detected at the etched regions within the micro-mesh,
and (ii) for the lateral LEDs in Fig. 2(a) and 2(b) light
is weakly emitted from the facets of the thick sapphire
layer. Additionally, emission profiles from the LEDs are
captured with a Carl Zeiss LSM700 confocal microscope using
50× (NA = 0.8) and 20× (NA = 0.5) objective lenses.
III. RESULTS AND DISCUSSION
The current-voltage (I-V) curves plots in Fig. 3(a) indicate
that the I-V characteristics of vertical LEDs have steeper
slopes (which represent dynamic resistances) than those of
the lateral LEDs. Evidently vertical LEDs exhibit lower resis-
tances and deliver higher currents at the same bias voltage,
consuming less power. The forward voltages at 20 mA are
Fig. 2. CCD-captured images of the (a) Lat-LED, (b) Lat-μLED, (c) TF-
LED, and (d) TF-μLED operated at a bias current of 10 mA. (e) 3-D and
(f) Cross-sectional emission profiles captured by confocal microscope using
20× and 50× objective lens, respectively. The scale bar on the right represents
normalized light intensity.
3.48, 3.59, 3.06 and 3.13 V for the Lat-LED, Lat-μLED,
TF-LED and TF-μLED respectively. The electrically insu-
lating sapphire substrate forces the injected current to flow
laterally from anode to cathode, representing a lengthy con-
duction path giving rise to emission non-uniformities. On the
other hand, the current flows vertically in thin-film LEDs over-
coming current crowding effects [10], where the conduction
path is reduced to several microns giving a lower resistance,
and current injection is uniform across the entire emission
region. The extracted dynamic resistances are 19.82, 23.84,
10.54 and 13.14  for the Lat-LED, Lat-μLED, TF-LED and
TF-μLED respectively. Reduced ohmic contact resistance may
also have contributed to the reduced resistances for the thin-
film LEDs; the n-contacts are formed on the etched n-GaN
surface which contains N-vacancies in the near-surface region.
Due to the donor nature of N-vacancies in GaN, the surface
become n+ giving rise to a reduction in contact resistance
[11]. On the other hand the μLEDs generally have higher
dynamic resistances than the flat-top counterparts, which can
be attributed to the reduced effective contact areas caused by
surface micro-structuring.
For optical measurements, the packaged and un-
encapsulated devices are placed into a 12-inch integrating
sphere coupled to an Ocean Optics HR2000 spectrometer via
an optical fiber. The L-I characteristics plotted in Fig. 3(b)
show that significant enhancement of light output powers
is observed from thin-film vertical LEDs. Fig. 4(a) plots
light output power as a function of current normalized
with respect to the Lat-LED. At a low injection current of
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Fig. 3. (a) I–V characteristics of fabricated devices. (b) Plot of light-output
power as a function of injection current.
20 mA, the output powers of the Lat-μLED, TF-LED and
TF-μLED are enhanced by 29, 39 and 61% respectively.
The thin-film architecture avoids trapping of light in the
thick sapphire substrate and absorption by the ITO layer. As
injection current increases, the thin-film vertical LEDs exhibit
increasing optical enhancement, while the enhancement factor
for the lateral Lat-μLED maintains at the level of ∼1.3.
The rate at which light output increases with current for
GaN-on-sapphire devices drops rapidly, mainly attributed
to reduction of quantum efficiencies induced by the poor
heat conduction capability of sapphire. Removal of the
sapphire substrate in thin-film devices solves this problem
effectively. The integration of a micro-mesh further promotes
light extraction by allowing laterally propagating photons to
escape through the sidewalls of the mesh [12]. At a current of
100 mA, the emission intensity from a TF-μLED is double
that of a Lat-LED. Direct evidence of enhanced light
extraction is provided by confocal imaging of the emission
areas of the LEDs. Fig. 2(e) shows a 100 μm x 100 μm 3-D
confocal emission image of the hexagonal micro-mesh array,
where data on the z-axis represent intensity of light emitted
at that particular point. The collected 3-D emission profile
is an exact reverse image of the surface morphology of the
micro-mesh, indicating that maximum light emission occurs
at the regions between the micro-hexagonal elements; indeed
light is readily extracted through the micro-mesh sidewalls.
A close-up cross-sectional confocal diagram is shown in
Fig. 2(f), depicting a distinct emission cone from the region
between micro-elements, constituted by emission from the
sidewalls on both sides. Confocal imaging thus reveals
the mechanism of enhanced light extraction from μLEDs
[13], [14].
To make further sense of the measured results, opti-
cal ray-trace simulations are carried out using Tracepro.
Figs. 4(b) and 4(c) depict the 3-D models of the lateral and
vertical μ-LEDs adopting identical structures, optical para-
meters and dimensions as the fabricated devices, except that
the metal contacts and bond wires are excluded. According to
the simulated results, the Lat-μLED, TF-LED and TF-μLED
emit 36, 45 and 64% more light than a Lat-LED (dashed
horizontal lines in Fig. 4(a)). The analytical predictions are
indeed consistent with our experimental data at low currents
(<20 mA) when heating effects are negligible, since ray-trace
simulations do not take thermal effects into consideration.
(a)
(b) (c)
Fig. 4. (a) Measured (symbols) and simulated (dashed line) enhancement
ratios normalized with respect to Lat-LED; ray-trace simulation solid models
of (b) Lat-μLED and (c) TF-μLED.
With increasing currents, the heat dissipation capabilities
of LEDs become an important factor affecting their efficien-
cies. To accurately probe the junction temperature distribu-
tion, the turned-on LEDs are imaged with a LWIR camera
(FLIR SC645) providing 640 × 480 resolutions and an accu-
racy of ± 2˚C. Since the measured surface is in close proximity
to the junction, the measured reading is a good indication of
the actual junction temperature. Fig. 5(a) and 5(b) are captured
emissivity-uncorrected LWIR images of the Lat-μLED and
the TF-μLED operated at currents of 100 mA for 5 mins.
Although the temperatures in the ITO region of the chip in
Fig. 5(a) appear lower than those of the surrounding GaN
areas, this is simply due to the difference in emissivities
between the two materials. After correction using emissivity
values of εGaN = 0.82 and εI T O = 0.51 [15], the temperature
distribution across the chip surface becomes homogeneous
at equilibrium. For the TF-μLED without an ITO layer,
the readings are taken across the chip; the data points are
indicated as crosses in the figure. For consistency, the data
points are taken along the edges of the Lat-μLED chip.
Fig. 5(c) plots emissivity-corrected temperatures (averaged
over all data points) as a function of currents after the device
temperatures have reached steady states (> 5mins). Clearly,
the junction temperatures of the lateral LEDs rise more rapidly
than those of the vertical LEDs. The cooler operation of
vertical LEDs can be attributed to various factors. Firstly,
when current flows through a resistive device, Joule heating is
inevitable. Vertical LEDs offer lower resistances due to signif-
icant shortening of current conduction paths, thereby reducing
resistive heating which helps to lower junction temperatures.
Secondly, multiple internal reflections of emitted light may
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Fig. 5. Images of (a) Lat-μLED and (b) TF-μLED captured by infrared
camera at a bias current of 100 mA, (c) plot of averaged measured temper-
atures as a function of driving currents; simulated temperature distributions
across the (d) GaN-on-sapphire LED, and (e) thin-film LED under the same
heat input power.
eventually be reabsorbed by GaN as phonons, resulting in a
rise in lattice temperatures. Nevertheless, the major reason is
that heat generated from GaN-on-sapphire LEDs tends to be
accumulated within the GaN layers due to the poor thermal
conductivity of sapphire substrates. The sapphire-free thin-film
configuration allows direct heat conduction through to the Cu
sub-mount which acts as a heat sink, thus efficiently promoting
heat dissipation. Although sapphire removal contributes most
significantly to the lowered junction temperatures, the micro-
structured surface also plays a supporting role. Since the
additional sidewalls allow more light to escape, the likelihood
of reabsorption is diminished, reducing heat generation. The
enlarged surface area to volume ratio may also promote dis-
sipation of heat to the ambient. Of course the higher dynamic
resistances of the μLEDs give rise to more pronounced Joule
heat effects.
While heat is continuously generated in an operating LED
and ambient air is well-known to be a thermal insulator,
the sub-mount becomes the major path for heat dissipation.
To investigate the thermal properties of LED chips from
another perspective, 3-D simulation of heat distribution is
performed based on the finite element method. The thermal
resistance across the length of a material can be expressed as
RT H = L/(Ak), where L is the thickness of material, A the
cross-sectional area perpendicular to heat flow and k its
thermal conductivity. The thin ITO and Al layers have been
omitted. A conductive epoxy (2.5 W/mK) is sandwiched
between the chip and its Cu sub-mount (400 W/mK) while
the GaN layers (130 W/mK) in both the vertical and lateral
LEDs serve as the heat source. By applying an arbitrary input
power of 2.2 W, the lateral LED attains much higher temper-
atures compared with the vertical LED, as shown by the 3-D
simulated temperature profiles in Fig. 5(d) and 5(e). The plot in
Fig. 5(d) clearly shows that the highest temperature is observed
at the GaN layer and gradually decreases beyond the sapphire
substrate. On the other, the vertical thin-film configuration
allows the heat to be effectively transferred to the metallic sub-
mount, resulting in significantly lower surface temperatures.
IV. CONCLUSION
The important roles of light extraction and heat dissipation
to the efficiencies of InGaN LEDs have been highlighted in
this letter, through lateral and vertical device configurations
with and without micro-mesh arrays. The proposed thin-film
vertical μLED is demonstrated as a feasible solution towards
high-efficiency light generation through minimization of the
current conduction path between anode and cathode resulting
in reduced dynamic resistance, superior heat-sinking capabili-
ties drastically reducing the junction temperature together with
enhanced light extraction using a micro-mesh surface. At an
injection current of 100 mA, the light outputs of TF-μLEDs
are enhanced by a factor of two over those of conventional
Lat-LEDs.
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